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Abstract The exciting discovery by LHCb of the Pc(4312)+ and Pc(4450)+ pen-
taquarks, or the suggestion of a tetraquark nature for the Zc(3900) state seen at BE-
SIII and Belle, have triggered a lot of activity in the field of hadron physics, with
new experiments planned for searching other exotic mesons and baryons, and many
theoretical developments trying to disentangle the true multiquark nature from their
possible molecular origin. After a brief review of the present status of these searches,
this paper focusses on recently seen or yet to be discovered exotic heavy baryons
that may emerge from a conveniently unitarized meson-baryon interaction model in
coupled channels. In particular, we will show how interferences between the different
coupled-channel amplitudes of the model may reveal the existence of a N∗ resonance
around 2 GeV having a meson-baryon quasi-bound state nature. We also discuss the
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possible interpretation of some of the Ωc states recently discovered at LHCb as being
hadron molecules. The model also predicts the existence of doubly-charmed quasi-
bound meson-baryon Ξcc states, which would be excited states of the ground-state
Ξcc(3621) MeV, whose mass has only been recently established. Extensions of these
results to the bottom sector will also be presented.
Keywords Exotic hadrons · Hadron molecules · Charm baryons
1 Composite hadrons: a brief review
The basic constituents of matter in QCD are quarks and gluons. Although hadrons, the
colourless objects of the theory, could be realized in many complicated combinations
of the elementary constituents, the conventional quark model proposed by Gell-Mann
and Zweig [1,2], according to which mesons are composed by a quark-antiquark
pair and baryons are built from a three-quark cluster, has successfully described the
phenomenological observations of ground state hadrons [3,4]. Nonetheless, a great
deal of theoretical and experimental activities in hadron physics have been focussed
on finding evidence of exotic components in the mesonic and baryonic spectrum for
more than fifty years [5,6,7].
There exist many theoretical predictions and experimental candidates of exotic
mesons [8]. These include glueballs (objects made entirely of gluons), tetraquarks
(compact systems of two quarks and antiquarks) or two-meson molecules bound by
an attractive interaction. The constituent quark model fails already at explaining the
large mass difference of some low lying states, such as the flavour-equivalent L = 1
spatial excited mesons, f0(500) and a0(980). A natural explanation is provided by
unitarized theories of pseudoscalar meson scattering employing chiral lagrangians [9,
10,11], from which the f0(500) emerges as a pipi resonance, while the a0(980) and
its f0(980) partner correspond mainly to quasi-bound states of KK¯ pairs in isospin
I = 1 and I = 0, respectively.
One of the early evidences for a composite or molecular type baryon was pro-
vided by the Λ(1405) resonance, whose mass was systematically predicted to be too
high by quark models but it found a better explanation if it was described as a K¯N
quasi-bound state. This was already pointed out in the late fifties [12], and was later
corroborated by models that built the meson-baryon interaction from a chiral effec-
tive lagrangian and implemented unitarization [13,14,15,16,17]. A clear indication
that the Λ(1405) is a meson-baryon quasibound state comes from the confirmation
of its related double-pole nature [15,18] after comparing different experimental line
shapes [19] having selectivity to either one or the other pole.
Disentangling the true nature of a particular hadron is not easy due to the mixing
of conventional and exotic components. The situation has changed since the begin-
ning of the millenium, as higher energies became available in the experimental fa-
cilities giving access to the heavy flavored meson and baryon resonance region [20].
Many of the new XYZ meson resonances produced could not be explained as hav-
ing the qq¯ structure of the conventional quark model [21], being notable the charged
charmonium states, Z±c and Z
±
b [22] which definitely need the presence of an addi-
tional qq¯ pair. Of particular importance is the X(3872) meson [23] , as it was the first
The molecular nature of some exotic hadrons 3
charmonium state that did not fit a cc¯ picture and stimulated the search of alternative
explanations. Some models advocate for a molecular DD∗ nature [24,25], due to the
closeness of the X(3872) mass to the DD∗ threshold, while other models describe
it as having a bound diquark and antidiquark (tetraquark) structure [26,27]. Simi-
larly, in the baryonic sector, the excited nucleon resonances Pc(4312) and Pc(4450),
recently observed at LHCb [28,29] in the invariant mass distribution of J/ψ p pairs
from the decay of theΛb, find a natural explanation in terms of a pentaquark structure.
Some models had already predicted the existence of highly excited nucleonic states
as being bound systems generated from the dynamics of the J/ψN interaction and
related coupled channels [30,31,32,33], and they have been recently shown to ac-
commodate the LHCb observations [34]. Suggestions for finding the S=−1 partners
already predicted in [30,31], through the observation of appropriate meson-baryon
pairs produced in the decay of bottom baryons at LHCb, have also been given [35,
36].
For an overview of the situation and a detailed discussion of the various models
see the reviews [37,38,39] and references therein.
After reviewing the formalism of the model employed in this work, we focus on
recent experimental reaction cross sections, in the light and in the charm sectors, that
could be interpreted through the presence of baryon resonances made of five quarks
in the form of meson-baryon quasibound states. We will also give predictions for
possible meson-baryon excited resonances in the doubly charmed baryonic sector.
2 Formalism
The meson-baryon interaction model employed in this work is based on the tree-level
diagrams of Fig. 1. The s-wave interaction kernel Vi j is obtained from the t-channel
vector meson exchange amplitude of diagram (a) [40]:
Vi j(
√
s) =−Ci j 14 f 2
(
2
√
s−Mi−M j
)
NiN j , (1)
with Mi, M j and Ei, E j being the masses and the energies of the baryons, and Ni, N j
the normalization factors N =
√
(E+M)/2M. The coefficientsCi j are obtained from
the evaluation of the diagram, in the t  mV limit, employing effective Lagrangians
of the hidden gauge formalism:
LVPP = ig〈
[
∂µφ ,φ
]
V µ〉 , (2)
LVBB =
g
2
4
∑
i, j,k,l=1
B¯i jkγµ
(
V kµ,lB
i jl+2V jµ,lB
ilk
)
, (3)
that describe the vertices coupling the vector meson to pseudoscalars (VPP) and
baryons (VBB), respectively, in the scattering of pseudoscalar mesons off baryons
(PB). The coupling constant g is related to the pion decay constant f and a represen-
tative vector meson mass mV , taken as the ρ meson mass, by g= mV/2 f .
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The interaction of vector mesons with baryons (VB) is built in a similar way and
involves the three-vector VVV vertex, which is obtained from:
LVVV = ig〈
[
V µ ,∂νVµ
]
V ν〉 . (4)
The resulting VB interaction is that of Eq. (1) with the addition of the product of
polarization vectors, ε i · ε j.
In the above expressions, Φ , V and B represent the pseudoscalar, vector, and
baryon tensor fields built up from u,d,s and c quarks (labelled i = 1,2,3,4, respec-
tively). Despite SU(4) symmetry is incorporated in the Lagrangians, the use of the
physical hadron masses leads to an explicit SU(4) symmetry breaking in the corre-
sponding kernel. Further, a factor κc ∼ 1/4 is implemented in the non-diagonal tran-
sitions mediated by the exchange of a charm vector meson to account for its higher
mass with respect to the light ones. We note that the transitions in which a light vec-
tor meson is exchanged, like the dominant diagonal ones, do not make explicit use of
SU(4) symmetry since they are effectively projected into their SU(3) content.
Mi Mj
BjBi
(b)
Mi Mj
BjBi B∗
(c)
B∗
Mi Mj
BjBi
V ∗
(a)
Fig. 1 Leading order tree level diagrams contributing to the MB interaction. Baryons and mesons are
depicted by solid and dashed lines, respectively.
The s-channel and u-channel diagrams of Figs. 1(b) and (c), usually referred to as
Born terms, have been widely studied in S=−1 sector. Given the chiral nature of the
vertices in that sector, these terms contribute mainly in p-wave and their s-wave con-
tribution is almost negligible at energies around the lowest threshold. Nevertheless,
as pointed out in Ref. [15], they may reach 20% of the leading order (LO) contact
term of Eq. 1 at energies 200 MeV above threshold. A clear proof of the relevant role
played by the s- and u-channels in s-wave at higher energies can be seen in Ref. [41].
This phenomenology might naively skew one’s criteria to justify omitting the Born
terms from the LO calculations in other sectors. However, one should be cautious and
not only pay attention on the energy range but also on the symmetry-based structures
required by the sector in the vertices of the Born diagrams [42], as will be illustrated
in one of the examples discussed in this work.
The sought resonances are dynamically generated as poles of the scattering am-
plitude Ti j, unitarized by means of the on-shell Bethe-Salpeter equation in coupled
channels, which implements the resummation of loop diagrams to infinite order:
Ti j =Vi j+VilGlVl j+VilGlVlkGkVk j+ · · ·=Vi j+VilGlTl j . (5)
In the on-shell factorization approach, the former integral equation becomes an al-
grebraic one and the meson–baryon loop function Gl is given by:
GIl = i
∫ d4q
(2pi)4
2Ml
(P−q)2−M2l + iε
1
q2−m2l + iε
, (6)
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where Ml and ml are, respectively, the masses of the baryon and meson in the loop.
The ultraviolet divergence of the loop is regularized using the dimensional regulariza-
tion approach, which introduces a subtraction constant al(µ) for each intermediate
channel l at a given regularization scale µ . Alternatively, one could also employ a
cut-off regularization scheme. For a proper physics interpretation of the results, it is
convenient to demand “natural” values of the subtraction constants [15], obtained by
matching the loop function calculated by means of dimensional regularization with
the one employing a cut-off whose value should remain of the order of the ρ-meson
mass, as this is the scale of the degrees of freedom integrated out when reducing the
t-channel vector-meson exchange diagram to a contact term.
The poles of the scattering amplitude Ti j are to be found in the second Riemann
sheet of the complex plane, defined as the one which is connected to the real energy
axis from below and obtained by employing:
GlII(
√
s+ iε) = GlI(
√
s+ iε)+ i
ql
4pi
√
2
, (7)
for Re
√
s> ml+Ml and GlI for Re
√
s< ml+Ml .
Around the pole position, the scattering amplitude can be approximated by the
expression
T i j(z) =
gig j
z− zp , (8)
from which one can derive the coupling constants (gi) of the resonance or bound state
to the channel i. In addition, following the idea of compositeness of shallow bound
states formulated for the deuteron in Ref. [43], and extending it to resonances with
open channels for decay [44], one may assign the quantity
χi =
∣∣∣∣g2i ∂Gi(zp)∂ z
∣∣∣∣ , (9)
to the amount of ith channel meson-meson component contained in the the dynami-
cally generated state [45].
3 A selected new case in SU(3)
The interpretation of recent data of photoproduction reactions in a center-of-mass
energy region of around 2 GeV has led to exploring the relevance of vector mesons
in unitarized coupled channel models for the dynamical generation of resonances. A
nucleon resonance around 1970 MeV and width around 65 MeV, coupling mostly to
K∗Λ and K∗Σ states, was first reported in [46]. The work of [47] demonstrated that
this resonance, together with the coupled channel vector-baryon dynamics, provided
an explanation of the features observed by the CBELSA/TAPS collaboration in the
γ p→ K0Σ+ cross section [48] , namely a peak around√s= 1900 MeV followed by
a fast downfall around
√
s= 2000 MeV.
The role of coupled-channel unitarization is particularly significant in this case
because the tree-level t-channel term is zero. The basic mechanisms of the model
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of Ref. [47] are depicted in Figs. 2 and 3, where one can see the photon conver-
sion into a neutral vector meson (ρ0,ω,φ ) followed by the ρN,ωN,φN interaction
leading to the relevant vector-baryon (V ′B′) channels, which are restricted to be K∗Λ
or K∗Σ , since those are the ones to which the resonance around 1970 MeV couples
most strongly. The vector-baryon unitarized amplitudes are taken from the work of
Ref. [46], which builds the required interaction Lagrangians from the hidden gauge
formalism. Finally, the intermediate V ′B′ states get converted via pion exchange to
the K0Σ final state.
B′ Σ
V ′
K0 (k)
V
pi (q)
γ (p)
N
Fig. 2 Mechanism for the photoproduction reac-
tion γN→ K0Σ .
B′
V
V ′
Σ
K0 (k)
N
γ (p)
Fig. 3 Kroll-Ruderman contact term, added to
the mechanisms of Fig. 2 to preserve gauge-
invariance.
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Fig. 4 Contributions to the γ p → K0Σ+ (upper
panel) and γn→ K0Σ0 (lower panel) cross sec-
tions.
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Fig. 5 Comparison of the γ p→ K0Σ+ cross sec-
tion, obtained with two parameter sets, with the
CBELSA/TAPS data of Ref. [48] (upper panel).
Scaled predictions for the γn→ K0Σ0 cross sec-
tion using two parameter sets, compared with the
recent BGO-OD data [50,51] (lower panel).
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The results shown in Fig. 4, obtained by retaining different intermediate channels,
demonstrate that there is a destructive interference between the VB → K∗Σ ,K∗Λ
amplitudes, which are of similar size and shape in the case of the γ p→ K0Σ+ re-
action. This produces an abrupt downfall of the cross section, right at the position
of the resonance generated by the employed VB interaction model. In contrast, the
γn→K0Σ 0 cross section retains the peak at the position of the resonance. The down-
fall of the γ p→ K0Σ+ cross section (solid line) appears 60 MeV below the energy
at which the experimental cross section presents the abrupt drop, as can be seen in
the upper panel of Fig. 5. Since this structure is sensitive to the position of the res-
onance, a prediction of its properties can be obtained by adjusting the parameters of
the model to reproduce the CBELSA/TAPS data. The fitted result, shown by a dashed
line in Fig. 5, moves the resonance up to 2030 MeV, which then lays above the K∗Λ
threshold and becomes almost twice wider than in the original model. These results
are backed up by two resonances of negative parity around this region of energy,
N∗(2080)(3/2−) and N∗(2090)(1/2−), that appeared in earlier versions of the PDG,
and by a 3/2− state around 2080 MeV found to explain SPring 8 LEPS data on the
γ p→ K+Λ(1520) reaction in [49]. This is further supported by the recent measure-
ment of the neutral γn→ K0Σ 0 cross section by the BGO-OD collaboration [50,51],
shown in the the lower panel of Fig. 5, together with the prediction of the model for
several parameter sets. The theoretical results have been conveniently scaled to match
the data as the later are limited to a particular angular bin, 0.2 < cosθKc.m. < 0.5. The
experimental enhancement around 2050 MeV is consistent with the structure that re-
mains in the theoretical cross section of the γn→K0Σ 0 reaction, since in this case the
interference of amplitudes is dominated by that involving intermediate K∗Σ channels
that shows a clear resonant peak. Note that the parameter set that produces the the dot-
dashed line, adjusting better to the BGO-OD data, gives a poorer but yet acceptable
description of the charged K0Σ+ channel.
4 Baryon resonances with charm
4.1 The (I,S,C) = (0,−2,1) sector: Ω 0c
The discovery of five narrow Ω 0c excited resonances by the LHCb Collaboration [52]
has increased the theoretical effort in the field of baryon spectroscopy in the charm
sector with the aim of explaining their inner structure and possibly establishing their
unknown values of spin–parity. While some works suggest a css quark description
within revisited quark models [53,54,55,56,57,58,59,60,61], others propose a pen-
taquark interpretation [62,63,64]. Earlier models that obtain Ω 0c resonances as quasi-
bound states of an interacting meson–baryon pair [40,65,66] have been recently re-
examined [67,68,69,70,71] in view of the new experimental data. This possibility is
supported by the fact that the masses of the excited Ω 0c baryons under study lie near
the K¯Ξc and K¯Ξ ′c thresholds and that they have been observed in the K−Ξ+c invariant
mass spectrum.
The available PB channels in the (I,S,C) = (0,−2,1) sector are K¯Ξc(2965),
K¯Ξ ′c(3072), DΞ(3185), ηΩc(3245), η ′Ωc(3655), D¯sΩcc(5519), and ηcΩc(5677),
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with the corresponding threshold masses in parenthesis. The doubly charmed D¯sΩcc
and ηcΩc channels are neglected as their energy is much larger than that of the other
channels. The matrix ofCi j coefficients for the resulting 5-channel interaction is given
in Table 1. Similarly, in theVB case, the allowed states are D∗Ξ(3326), K¯∗Ξc(3363),
K¯∗Ξ ′c(3470),ωΩc(3480), φΩc(3717), D¯∗sΩcc(5662) and J/ψΩc(5794), where, again,
the doubly charmed states are neglected. The corresponding Ci j coefficients can be
straightforwardly obtained from those in Table 1 with: pi→ ρ, K→K∗, K¯→ K¯∗, D→
D∗, D¯→ D¯∗, 1/√3η+√2/3η ′→ ω and −√2/3η+1/√3η ′→ φ .
Table 1 The Ci j coefficients for the (I,S,C) = (0,−2,1) sector of the PB interaction.
K¯Ξc K¯Ξ ′c DΞ ηΩ 0c η ′Ω 0c
K¯Ξc 1 0
√
3/2 κc 0 0
K¯Ξ ′c 1
√
1/2 κc −
√
6 0
DΞ 2 −√1/3 κc −√2/3 κc
ηΩ 0c 0 0
η ′Ω 0c 0
Choosing the values of the subtraction constants, al(µ = 1 GeV), so that the loop
function in dimensional regularization matches the one regularized with a cut-off
Λ = 800MeV, gives rise to two poles in the PB scattering amplitude, with energies
that are similar to the second and fourth Ω 0c states discovered by LHCb [52]. How-
ever, as the mass of the obtained heavier state is larger by 10 MeV and its width
is about twice the experimental values, we let the five subtraction constants to vary
freely within a reasonably constrained range and look for a combination that repro-
duces the characteristics of the two observed states, Ω 0c (3050) (Γ = 0.8± 0.3) and
Ω 0c (3090) (Γ = 8.7± 1.8), within 2σ of the experimental errors. Table 2 displays
the properties of the poles for a representative set of al(µ = 1 GeV) with equivalent
cut-off values in the 320–950 MeV range, corresponding to “Model 2” in ref. [67].
We note that the strongest change corresponds to aK¯Ξc , needed to decrease the width
of the Ω 0c (3090). Its equivalent cut-off value of 320 MeV is on the low side of the
usually employed values but can still be considered naturally sized. The results of
Table 2 show that the main component of the lowest energy state at 3050 MeV is
K¯Ξ ′c, although it also couples appreciably to DΞ and ηΩc states. The higher energy
resonance at 3090 MeV couples strongly to DΞ and clearly qualifies as a DΞ bound
state with a corresponding compositeness of 0.91.
We performed a more systematic study of the dependence of these results on the
assumed value of the cut-off, as well as the influence of a certain amount of SU(4)
symmetry violation associated to the fact that the charm quark is substantially heav-
ier than the light quarks. The solid lines in Fig. 6 indicate the evolution of the poles
as the value of the cut-off is increased from 650 MeV to 1000 MeV. An additional
violation of SU(4) symmetry, which is already broken by the use of the physical
meson and baryon masses in the interaction kernel, is enforced by allowing a vari-
ation of up to 30% in the coefficients of transitions mediated by the exchange of a
charmed vector meson. The grey area in Fig. 6 displays the region in the complex
plane where the resonances can be found varying both the cut-off and the amount
of SU(4) violation. The fact that these bands of uncertainties include the 3050 MeV
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Table 2 Position (
√
s=M− iΓ /2), couplings and compositeness of the Ω 0c states.
0−⊗1/2+ interaction in the (I,S,C) = (0,−2,1) sector
diagram (a) (Model 2 of [67],)
M [MeV] 3050.3 3090.8
Γ [MeV] 0.44 12
al |gi| χi |gi| χi
K¯Ξc(2965) −1.69 0.11 0.00 0.49 0.02
K¯Ξ ′c(3072) −2.09 1.80 0.61 0.35 0.03
DΞ(3185) −1.93 1.36 0.07 4.28 0.91
ηΩc(3245) −2.46 1.63 0.14 0.39 0.01
η ′Ωc(3655) −2.42 0.06 0.00 0.28 0.00
diagrams (a)+(b)+(c) ( [42] )
M [MeV] 2997.4 3045.5 3070.1
Γ [MeV] 14.4 1.7 8.4
al |gi| χi |gi| χi |gi| χi
K¯Ξc(2965) −3.54 0.80 0.11 0.04 0.00 0.12 0.00
K¯Ξ ′c(3072) −1.71 0.04 0.00 1.05 0.18 1.36 0.84
DΞ(3185) −1.75 0.06 0.00 4.60 0.82 4.57 0.91
ηΩc(3245) −2.31 0.09 0.00 0.61 0.02 1.75 0.17
η ′Ωc(3655) −1.80 0.08 0.00 0.43 0.00 0.30 0.00
and the 3090 MeV resonances measured at LHCb reinforces their interpretation as
meson–baryon molecules.
2950 3000 3050 3100 3150 3200
Re
√
s [MeV]
0
2
4
6
8
10
12
14
16
18
20
22
Im
√ s
[M
eV
]
PB 1
PB 2
K¯Ξc K¯Ξ
′
c DΞ
Λ =650 MeV
Λ =700 MeV
Λ =800 MeV
Λ =900 MeV
Λ =950 MeV
Λ =1000 MeV
κˆc =(1±0.3)κc
Exp. data
Fig. 6 Evolution of the position of the
resonance poles for various cut-off val-
ues. The grey area indicates the region
of results covered when a variation of
30% in the SU(4) breaking is assumed
in the transitions mediated by heavy-
meson exchange.
We have taken a step forward in the interaction model by including the s-wave
contribution of the usually neglected s-channel and u-channel Born terms (diagrams
(b) and (c) in Fig. 1). While the details of the methodology and a systematic analysis
of the results will be presented elsewhere [42], we anticipate in the present work some
interesting preliminary results that can be seen in the bottom part of Table 2. Contrary
to naive expectations, it is found that the Born terms in s-wave have a significant
impact in the unitarized amplitudes. Instead of the two poles of the earlier model
[67], we now find three poles that can possibly be identified, by its energy position
and width, with the first three Ω 0c states observed by the LHCb collaboration, namely
the Ω 0c (3000) (Γ = 4.5±0.9), the Ω 0c (3050) (Γ = 0.8±0.3) and the Ω 0c (3066) (Γ =
3.5±0.6), although some fine-tuning of the model is still needed. By examining the
corresponding couplings and compositions, we would conclude that the Ω 0c (3000)
resonance qualifies as a K¯Ξc resonance, the Ω 0c (3050) is essentially a DΞ quasi-
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bound state and the Ω 0c (3066) also has large DΞ components but strongly mixed
with K¯Ξ ′c ones. We note that this third pole, located right below the K¯Ξ ′c threshold, is
in fact a “virtual state”, as it appears in a Riemann sheet in which both K¯Ξc and K¯Ξ ′c
loop functions are rotated, instead of appearing in the second Riemann sheet, which
would imply the rotation of only the K¯Ξc loop according to Eq. (7). This explains
why the sum of compositeness to all meson-baryon states exceeds unity in this case.
Far from being conclusive, these results demonstrate the need for a thorough in-
vestigation of all possible non-negligible terms of the meson-baryon interaction that
may influence the generation of dynamical poles, paying a special attention to the
dependence of the results on the assumed symmetries and on the free parameters of
the theory [42].
In the case of VB scattering, ignoring the Born terms and employing subtrac-
tion constants mapped onto a cut-off of Λ = 800 MeV, we obtain spin degenerate
JP = 1/2−,3/2− resonances that follow a similar pattern as that found for the PB
case. A lower energy resonance mainly classifying as a D∗Ξ molecule appears at
3231 MeV and a higher energy resonance is generated at 3419 MeV and corresponds
to a K¯∗Ξ ′c composite state with some admixture of ωΩ 0c and φΩc components. There
is an additional pole in between these two, coupling strongly to K¯∗Ξc states. These
resonances cannot yet be identified with any reported state by the LHCb collabora-
tion [52], as no significant peaks are seen standing out of the statistical noise in this
energy region.
We finally comment on the results in the bottom sector, obtained by replacing
the charm mesons and baryons by their bottom counterparts in the meson–baryon
interaction kernels obtained from the Lagrangians of Eqs. (2)–(4). We employ a fac-
tor κb = 0.1 in certain non-diagonal transitions that accounts for the much larger
mass of the exchanged bottom vector mesons with respect to the light ones, anal-
ogously to κc. We find two narrow resonances at 6418 MeV and 6519 MeV [67],
quite above in energy from the four Ω 0b excited states reported recently by LHCb
lying in the range 6300–6350 MeV [72]. As argued in [73] in connection to the states
obtained in Ref.[74], it is quite improbable that dynamical meson-baryon models
may be able to explain the observed Ω 0b states, although an exception could be the
model of Ref. [75], where a Ω 0b of mass 6360 MeV, coupling strongly to K¯Ξb and
belonging to a sexted of excited bottom states with JP = 1/2−, has been predicted.
Although not statistically significant, some structures can be hinted from the exper-
imental spectrum in the higher energy region that may lead to clearer peaks if more
data are gathered in future experiments. These structures would be then easily inter-
preted as having a molecular origin if tehir properties are close to those of the states
predicted in Refs. [67,74]
4.2 The (I,S,C) = ( 12 ,0,2) sector: Ξcc
The discovery of a doubly charmed baryon Ξ++cc by the LHCb Collaboration [76],
with a mass of 3621 MeV, has motivated studies to search for possible doubly-
charmed molecular states as that of Ref. [77], wherein several interesting predictions
for quasi-bound states in the C = 2, S= 0 and I = 1/2 sector are presented, obtained
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following the same approach as in [68]. In the present study we extend the afore-
mentioned method of Ref. [67] to this Ξcc sector, both for pseudoscalar and vector
mesons, considering this new LHCb discovery as the ground state of the Ξ++cc . The
coefficients of the interaction are presented in Table 3. Note that we have also in-
cluded a term weighted by a factor ξcc = (mρ/mJ/Ψ )2 ≈ 1/16 in the diagonal terms
to account for the exchange contribution of the doubly-charm J/Ψ meson.
piΞcc DΛc ηΞcc KΩcc DΣc DsΞc DsΞ ′c η ′Ξcc
piΞcc 2 32κc 0
√
3
2
−1
2 κc 0 0 0
DΛc 1−ξcc −12 κc 0 0 1 0 −1√2κc
ηΞcc 0
√
3
2
−1
2 κc κc
1√
3
κc 0
KΩcc 1 0
√
3
2κc
−1√
2
κc 0
DΣc 3−ξcc 0
√
3 −1√
2
κc
DsΞc 1−ξcc 0 −1√2κc
DsΞ ′c 1−ξcc −1√6κc
η ′Ξcc 0
Table 3 Ci j coefficients for PB scattering in the (I,S,C) = ( 12 ,0,2) sector
Fig. 7 The solid lines represent the sum over all j channels of the module of the PB scattering amplitude
Ti j , for Λ = 800 MeV and i = piΞcc, DΣc, DsΞc. The dashed vertical lines correspond to the threshold
masses of the respective channels.
Some indications about the location of possible poles in the complex plane may be
found by examining the dependence of the scattering amplitude on the real axis. The
quantity∑ j |Ti j| is shown in Fig. 7 for i= piΞcc, DΣc, DsΞc. We observe the presence
of two narrow states, coupling strongly to DsΞc (green line) and DΣc (orange line)
states. In addition, we observe two broad structures, one at lower energy, clearly
visible in the amplitudes involving the piΞcc channel (blue line), and another at higher
energy, coupling considerably to DsΞc. The explicit poles in the complex plane are
displayed in Table 4. As expected, we first find a wide resonance at 3862 MeV, with a
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large width of 158 MeV, as its mass is well over the piΞcc channel threshold to which
it couples most. Next, we find a narrow state at 4135 MeV, right below the DΛc
threshold, to which it couples most. This state also couples significantly to ηΞcc,
KΩcc, and DsΞc, and this is the reason for its clear appearance in the amplitudes
involving this later state in Fig. 7. We find a third state at 4239 MeV, which mostly
qualifies as a DΣc bound state. It is very narrow because it couples negligibly to the
meson-baryon states allowed for its decay. Finally, another wide resonance is seen
at 4240 MeV. It is mostly a DsΞc quasi-bound states but it couples strongly to all
lower-lying channels, hence its large width of 166 MeV.
0−⊗1/2+ interaction in the (I,S,C) = ( 12 ,0,2) sector
M [MeV] 3861.9 4134.5 4239.4 4240.4
Γ [MeV] 158 0 0.76 166
al |gi| |gi| |gi| |gi|
piΞcc(3759) -2.92 2.10 0.03 0.01 0.83
DΛc(4152) -2.21 1.29 1.73 0.01 1.13
ηΞcc(4169) -2.75 0.02 0.83 0.09 0.92
KΩcc(4208) -2.81 1.22 1.10 0.12 0.78
DΣc(4319) -2.27 0.23 0.08 2.88 0.01
DsΞc(4438) -2.31 0.36 1.09 0.02 4.07
DsΞ ′c(4545) -2.34 0.18 0.01 1.55 0.01
η ′Ξcc(4579) -2.67 0.03 0.20 0.11 0.33
Table 4 Position (
√
s=M− iΓ /2) and couplings of the PB Ξcc states (JP = 1/2−)
Similarly to our study of the Ω 0c states, we have also investigated the dependence
of the Ξcc states on the cut-off Λ employed to calculate the subtraction constants
al(µ) as well as on variations of the SU(4) symmetry breaking factors, κc and ξcc.
The solid black lines in Fig. 8 show the evolution of the lower (left panel) and higher
Fig. 8 The solid black lines represent the evolution of the poles positions as a function of the cut-off Λ .
The solid gray lines represent the same evolution but considering an additional SU(4) symmetry breaking
of ±30%. The dashed vertical lines correspond to the threshold masses of the stated channels. Left panel:
resonance mainly coupled to piΞcc. Right panel: resonance mainly coupled to DsΞc.
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energy poles (right panel) as the value of the cut-off is varied from Λ = 600 MeV to
Λ = 1000 MeV in steps of 50 MeV. The upper and lower solid gray lines represent
the same evolution but reducing or increasing by 30%, respectively, the values of κc
and ξcc that modulate the SU(4) breaking in the kernel coefficients. We observe that
when the cut-off Λ increases, the resonances appear at lower energy. This is due to
the consideration of an increased model space in the unitarization procedure, hence
generating “bound” states with larger binding energies. Moreover, when a resonance
shifts to lower energies, it also becomes narrower in general. The steady decrease
in width of the lower energy resonance (left panel) just reflects the loss of phase
space of piΞcc states, which are the only ones it can decay to. The behavior of the
higher energy resonance (right panel) with increasing cut-off is qualitatively very
different, showing a sudden drop in width around the KΩcc threshold mass as this
channel is no longer reachable for decay. The evolution of the two other narrow Ξcc
resonances found in the present model is not represented in Fig.8, as it is essentially
featureless. The resonances lower their masses asΛ increases, but keep having a very
small width as their couplings to the opened channels are essentially negligible. The
dependence on the variation of the SU(4) parameters is much stronger in the higher
energy resonance. The reason lies in the fact that this is a state strongly coupled
to all the lower channels available for decay. The decrease (increase) of the SU(4)
parameters makes these couplings stronger (weaker), therefore producing sensibly
wider (narrower) resonances.
Comparing with the PB scattering results of [77], we observe a qualitative agree-
ment on the nature and couplings of the states found, though not quantitative. In
general, lower masses are obtained in [77], by a few tens of MeV in the case of the
piΞcc and DΛc states but by 150 MeV in the case of the DΣc state. In addition, the
Fig. 9 The solid black line represents the inverse of the diagonal term of the channel l potential, 1/Vll .
As for the loop function Gl , the dotted green line represents its imaginary part, the solid red line its real
part calculated via dimensional regularization with Λ = 650 MeV, and the dashed red line its real part
calculated with a cut-off of 650 MeV. The dashed vertical lines correspond to the threshold masses of the
respective channels.
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state coupling strongly to DsΞc is missing from the results of [77]. Differences in the
Ci j coefficients and in the SU(4) symmetry breaking considered by both models have
little effect on the final results, since diagonal couplings are identical and the non-
diagonal ones have a weaker influence on the position of the poles. Instead, we have
seen that the main origin of the discrepancies observed in the three matching states
found on both studies lies on the different regularization method employed. Requir-
ing the loop integral to be regularized by a cut-off has lead us to obtain very similar
results to those in [77]. This is better illustrated by examining Fig. 9, where one sees
that the real part of the loop function Gl can have a different behaviour depending
on the regularization scheme used. The real part of the cut-off loop functions below
threshold are kept below zero, as opposed to their dimensional regularization counter-
parts. Moreover, above threshold, the cut-off loop functions present a cusp originating
from the abrupt suppression of intermediate momentum states above Λ . These dif-
ferences can have implications on the position of the poles since, in the simplified
case with uncoupled channels and real energies, one would find the poles at the ener-
gies below threshold fulfilling 1/Vll =Gl . Notice that the intersection points between
the inverse of the potential and the two different regularized loop functions are very
close in the case of DΛc, while quite far in DΣc, explaining the differences found for
these two resonances between both studies. This reasoning cannot be applied to the
piΞcc resonance, since it is found above its threshold energy, but it should be valid for
the DsΞc pole. However, the DsΞc resonance was not found in [77]. Again, since the
channels are coupled, one should be careful when drawing conclusions out of study-
ing the uncoupled case, but it seems clear that the regularization scheme employed
can have a strong impact on the position of the molecular states found.
As for the results concerning the VB scattering, giving rise to JP = 1/2−,3/2−
excited molecular states, we also find four poles. Although, in general, these poles
present strong similarities with their PB counterparts, there are noticeable differences
probably due to the different order in energy on which the isospin equivalent meson-
baryon states appear. As seen in Table 5, the first two resonances seem to have inter-
changed their role when comparing with the PB states of Table 4, as the first one, at
4280 MeV, couples now more strongly to D∗Λc states and the second one, at 4353
MeV, couples more strongly to ρΞcc. The third pole is a narrow resonance strongly
coupled to the D∗Σc channel, and also mildly to D∗sΞ ′c. Both thresholds are higher
than the resonance mass, which is approximately 4387 MeV, hence its small width of
only 1.3 MeV. Comparing to the DΣc PB resonance, it seems that they could be spin
partners of the same molecule. Finally, we obtain a wide resonance at 4523 MeV,
coupling mostly to K∗Ωcc, but also to D∗sΞc, φΞcc and ωΞcc, the later channel being
open for decay.
A similar comparison with [77] holds for the VB molecules. Ther is in general a
qualitative agreement, but a quantitative disagreement on the values of the masses and
widths. Again, only three VB states were found in [77], with comparable couplings
to those of our states.
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1−⊗1/2+ interaction in the (I,S,C) = ( 12 ,0,2) sector
M [MeV] 4279.8 4352.6 4386.8 4522.6
Γ [MeV] 6.4 22 1.30 54
al |gi| |gi| |gi| |gi|
D∗Λc(4293) -2.25 1.67 0.86 0.08 0.21
ρΞcc(4393) -2.70 1.57 1.91 0.21 0.36
ωΞcc(4404) -2.70 0.30 0.15 0.19 0.92
D∗Σc(4460) -2.31 0.15 0.62 3.12 0.02
D∗sΞc(4581) -2.34 1.45 1.76 0.23 1.64
K∗Ωcc(4606) -2.72 0.37 1.54 0.34 2.02
φΞcc(4641) -2.67 0.43 0.21 0.27 1.30
D∗sΞ ′c(4689) -2.39 0.04 0.16 1.89 0.20
Table 5 Position (
√
s=M− iΓ /2) and couplings of the VB Ξcc states (JP = 1/2−,3/2−).
5 Conclusions
In this work we have focussed on the possible interpretation of some baryons, tra-
ditionally assigned to be 3-quark cluster structures, as being quasi-bound states (or
“molecules”) emerging from a conveniently unitarized meson-baryon interaction in
coupled channels.
In particular, we have pointed out the importance of coupled channels to under-
stand the differences between the charged and neutral final states in K0Σ photopro-
duction reactions off nucleons, measured at the ELSA facility. We have seen that
the presence of a resonance predicted by our model at a mass of around 2 GeV can
explain the sudden drop in the γ p→ K0Σ+ cross section and predict a peak in the
neutral γn→ K0Σ 0 one around that energy. The success lies in the significant cou-
pling strength of the resonance to the K∗Λ and K∗Σ channels, producing particular
interference patterns that are able to accommodate the observations, hence demon-
strating the power of coupled-channel models and revealing the existence of a N∗
resonance around 2 GeV having the structure of a vector meson-baryon molecule.
We have extended the formalism to the description of baryons containing charm,
motivated by the large amount of new states that are being discovered at higher energy
facilities. In the (I = 0,S = −2,C = 1) sector we find two resonances having ener-
gies and widths very similar to some of the Ω 0c states discovered recently by LHCb,
to which we would be assigning a spin-parity JP = 1/2−. An experimental confir-
mation of this assignment would strongly enforce the interpretation of these states
as meson-baryon molecules. In the bottom sector we obtain several Ω−b resonances
in the energy region 6400–6800 MeV having a molecular meson–baryon structure.
They do not correspond the recent states reported by LHCb at lower energies, but
some hints of the predicted states could lie in the non-statistically significant struc-
tures seen at higher energies.
Finally, we also present predictions of possible molecular states having double
charm content. We focus on the (I = 1/2,S = −1,C = 2) sector and find possible
molecular states with JP = 1/2−,3/2−, which would be excited states of the ground
state Ξ++cc baryon recently identified by the LHCb Collaboration. The comparison of
our results with experiment is expected to be done soon, as new analyses at higher
energies are underway.
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Although further tests and improvements are needed, it is clear that the interpre-
tation of many baryons as being molecular states, hence departing from the conven-
tional qqq picture, is a solid prediction of the unitarized meson-baryon interaction
models. In order to disentangle the dominant type of component, efforts should also
be focussed on the study of decay rates, the analyses of spectral shapes in reactions
involving these states, and the search of multiplet partners. The availability of data in
the charm and bottom sectors has injected a renewed interest in the field, as it has pro-
vided unambiguous proof that some baryons, such as the Pc(4312)+ and Pc(4450)+,
receive a more natural interpretation as pentaquark systems. The internal structure
of these and other possibly exotic baryons is yet to be clarified and, in this respect,
valuable information is expected from the results of lattice QCD simulations that are
becoming more sophisticated and precise in the last years.
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